Studies of expression in in-vivo and in-vitro maturing oocytes have the potential to elucidate signalling pathways involved in the intricate crosstalk between the oocyte and its somatic compartment during differentiation and morphogenetic processes, and the origin of disturbances in oocyte maturation possibly involved in reduced fertility. This review summarizes data on expression studies with focus on regulation of expression at the translational level in the maturing oocyte. The regulation of gene expression at the translational level as analysed in in-vitro maturing oocytes is complex and highly conserved between different species. It is characterized by differential degradation, and by storage and recruitment of distinct maternal mRNAs involving conserved consensus sequences in the 5¢ or 3¢ untranslated regions (UTRs) of mRNAs. Proteins interacting with such sequences affect the temporal 3¢ polyadenylation, and bring the 5¢ and 3¢ UTRs of mRNAs into close proximity for ef®cient initiation of translation. Post-translational modi®cations of mRNA-associated proteins contribute to maturation-and developmentally controlled and to cell cycle-dependent expression. New methodologies for analysis of ovaryspeci®c gene expression and function of genes in oogenesis are also reviewed, e.g. RT±PCR, SAGE±PCR, real-time rapid cycle¯uorescence monitored RT±PCR, differential display techniques, and microinjection of anti-sense RNA, double-stranded RNAs or mRNAs expressing green¯uorescent protein-tagged proteins into maturing oocytes.
Introduction
The mammalian oocyte is one of the most long-lived cells in the female organism. Mammalian oogenesis in the human and mouse, as well as in organisms such as Xenopus, is characterized by alternating periods of active meiotic progression and intermittent, long periods of meiotic arrest. Primary oocytes initiate meiosis in the embryonal ovary where S-phase, and pairing and recombination between homologous chromosomes originally derived by the father and mother take place. Following this, oocytes arrest meiotically at dictyate stage for periods of time from weeks (as in the mouse) to decades (as in the human). Resumption of meiosis only occurs in a fully grown, meiotically competent oocyte after the LH surge when oocytes undergo germinal vesicle breakdown (GVBD), complete ®rst meiosis and mature to metaphase II. In many mammals such as the mouse, pig, cow and the human, completion of meiosis is dependent on fertilization that triggers progression to anaphase II, and to ®rst mitotic interphase with formation of a female and male pronucleus.
Periods with relative low metabolic activity alternate in vertebrate oogenesis with periods of high rates of expression, and RNA and protein synthesis. The ability of an oocyte to develop into a viable embryo depends on the accumulation of speci®c information and molecules such as RNA, protein or imprinted genes during oogenesis. High developmental competence is dependent on normal follicular and oocyte growth, maturation and expression patterns (Lonergan et al., 1994; Gilchrist et al., 1997; De Sousa et al., 1998; De La Fuente and Eppig, 2001 ). In accordance, high rates of gene expression during oogenesis usually coincide with active cell growth, and alternate with stages of oogenesis where there is little transcriptional activity, and meiotic and cell growth arrest. Rapid initiation of expression, and high rates of transcription and translation during folliculogenesis and oocyte growth are followed by differential translational silencing and degradation of many mRNA species especially at the end of the oocyte growth phase, when oocytes resume maturation prior to ovulation. At maturation and after fertilization, the timed expression of genes driving the cell cycle and development necessitate that expression is controlled at the post-transcriptional level when the two meiotic divisions are completed in the oocyte and pronuclei are formed. Some maternal transcripts are even stored after the maternal to embryonal transition of gene expression has been completed (Nothias et al., 1995; De Sousa et al., 1998; Memili and First, 2000) .
According to the oocyte-speci®c, unique life cycle, oocytes therefore actively express genes necessary for replication, pairing and recombination at the early meiotic stages in the embryonal ovary (see below). This is followed by a phase in oogenesis characterized by successful acquisition of follicle cells by oocytes, and primordial follicle formation. This all occurs prenatally and endows the ovary with a ®nite pool of follicles that cannot be replenished later in adult life. Primordial follicle formation appears associated and dependent on expression of speci®c transcription factors probably governing the cell-and stage-speci®c expression patterns by turning on transcription of gene products that are essential in oocyte±somatic cell interactions and follicle survival (see below).
The pool of primordial follicles resting in the ovary for long periods is characterized by relative transcriptional and translational quiescence until or shortly before puberty when the ovary becomes hormone-responsive. The ®rst primordial follicles then become recruited to the growing pool, primary follicle formation takes place, and folliculogenesis with active follicular growth, follicle cell proliferation and differentiation andÐmost importantlyÐoocyte growth and acquisition of meiotic, maturational and developmental competence commence. Only the last phases of oogenesis, follicle growth and oocyte maturation are gonadotrophin-dependent, while initial events appear dependent on expression of growth and survival factors and interactions of the germ cell with its environment.
Expression in oocytes and the determinants of oocyte quality
While the male gamete primarily provides its genome to the zygote, the oocyte's developmental programme comprises faithful segregation of chromosomes, formation of a single germ cell that is responsive to fertilization, and accumulation of molecules and information that sustain embryonic development to the stage where zygotic gene activation is taking over and provides the embryo with RNA and protein for further development. It has long been recognized that the genotype of the mother can in¯uence the epigenotype of the offspring by marking processes as a consequence of epigenetic processes that occur during oocyte growth and early development. Thus, in the earliest phase of mammalian development the expression of genes is in¯uenced by parental origin, maternal genetic background and environment in mammals (for discussion see Neganova et al., 2001) . Maternal marking factors are required to act at fertilization and, together with maternal modi®ers expressed post-zygotically, in¯uence gene methylation and expression patterns throughout embryogenesis (Pickard et al., 2001) . Methylation modi®ers or egg cytoplasmic factors of the oocyte are dependent on the maternal genetic background, and may be responsible for maternal effects on de-novo methylation, gene expression and congenital aberrations (Pickard et al., 2001) .
The relative abundance of molecules stored in an oocyte differs between species and accounts for the differences in time post insemination and stage of pre-implantation development when zygotic gene expression is triggered and directs early development and differentiation. For example, in the mouse progression from 2-cell stage is dependent on zygotic gene activation, while it is the 4-cell stage in the pig, and between 4-to 8-cell stage in humans, and 8-to 16-cell stage in cattle and sheep embryos where transition from maternal to zygotic expression occurs (Telford et al., 1990) . The mammalian oocyte provides not only those proteins that are essential for the initial cell divisions in the embryo, but also those that are implicated in regulating expression from the paternal genome, for example by repressing translation of paternal and maternal mRNAs at early development. For instance, MSY2, a member of the Y-box protein family was shown to be expressed in growing oocytes and comprises one of the most abundant proteins in the oocyte (e.g. 2% of the total protein mass in the fully grown mouse oocyte; Yu et al., 2001) . Such proteins are probably also essential for translational silencing of maternal mRNA stored in ribonuclear particles (RNPs) in oocytes (see below). Meiotic competence associated with the capacity to progress through both meiotic divisions, maturational competence comprising the ability of the egg to respond to fertilization, and developmental competence that provides factors for development of the embryo to term are gained in a gradual, step-wise fashion during oogenesis in mammals. Accordingly, expression appears highly regulated.
Evidence that acquisition of the competence to resume meiosis is gained in a gradual fashion comes from observations of oocyte maturational capacity in several mammals, that were obtained from smaller or larger follicles, and from prepubertal or sexually mature females. For instance, mouse oocytes isolated from preantral follicles are incapable of resuming meiosis and undergoing GVBD. Such oocytes from pre-ovulatory, smaller antral follicles may be able to progress in vitro to metaphase I upon isolation from the follicle, but cannot develop to metaphase II unless exogenously stimulated, for example by exposure to calcium ionophores (Eppig et al., 1994) . This suggests that factors required for transition from G 2 -phase to M-phase and from ®rst meiosis to metaphase II are only expressed in advanced stages of oogenesis, and are acquired in a sequential manner.
Meiotic, maturational and developmental competence are not reached simultaneously during oogenesis, but are also accumulated in a gradual and sequential fashion. For instance, fully mature oocytes from the mouse are able to suppress kit ligand (KL) receptor in granulosa cells, possibly by expression of growth differentiation factor 9 (GDF-9). Partly grown oocytes isolated from 7-, 10-or 12-day-old, prepubertal mice either are unable to U.Eichenlaub-Ritter and M.Peschke in¯uence KL-1 mRNA levels or even promote KL-1 mRNA steady-state expression in granulosa cells (Joyce et al., 2000) . This suggests that the developmentally timed expression in the oocyte is one of the factors that determines the fate of cells in the follicle. This also in¯uences the capacity of the oocyte to mature and become ovulated, and constitute a high-quality embryo after fertilization in a feedback fashion (Joyce et al., 2001) . Therefore, it has been suggested that,`The oocyte is not a passenger inside of the follicle but the captain of the ship' (J. Eppig, 2001) . Likewise, the capacity to develop to the blastocyst of metaphase II oocytes is increasing in the prepubertal female with advancing age until puberty. Low developmental competence of human oocytes obtained from pre-ovulatory follicles is associated with the absence of speci®c proteins in oocytes cultured to metaphase II in vitro, showing that initial events associated with accumulation of RNA and protein as well as at later stages when transcription gradually ceases are important in oogenesis (Trounson et al., 2001) . This suggests that full maturation to a high-quality oocyte is a process that requires a ®nely tuned expression programme in¯uenced and governed by paracrine and autocrine signalling. This has great implications for in-vitro growth and maturation, since the source of oocytes and the stage of folliculogenesis may signi®cantly modify and affect oocyte quality obtained for fertilization. Accordingly, culture conditions have to be adjusted to account for the requirements by the oocyte.
At the cellular level, acquisition of high developmental capacity in mammalian oocytes is dependent on high rates of RNA and protein synthesis, imprinting processes, biogenesis of organelles such as mitochondria, and storage of ribosomes, mRNAs and protein in the ooplasm during the oocyte growth phase, prior to resumption of maturation, and an expression programme that uses the stored information and proteins in a highly orchestrated manner later during maturation and early development. Timed recruitment and expression of stored molecules in the growing oocyte is essential for normal meiotic progression, for early embryogenesis until zygotic gene activation has occurred and even for control of expression later in development of the zygote, and for differentiation in the embryo. This review will provide a brief overview of expression in gonadogenesis in the female and focus on post-transcriptional mechanisms controlling gene expression in the growing and maturing mammalian oocyte.
Expression at primordial germ cell formation with relevance to the size of the oocyte and follicle pool Reduced size of the follicle pool in the human may be one aetiological factor in high risks for errors in chromosome segregation and reduced developmental capacity of oocytes from women of advanced age (Freeman et al., 2000; Kline et al., 2000) . Therefore, the genetic determinants of pool size and expression patterns governing primordial germ cell survival, proliferation and successful colonization of the genital ridge may have an impact on reproductive life span and oocyte quality of the individual at any time of the reproductive period.
Besides the imprinting and epigenetic processes, recruitment and translational activation of maternal mRNAs of transcription factors contribute signi®cantly to the activation of zygotic gene expression after fertilization, and thus to normal development of the embryo (Wang and Latham, 2000; Ferguson-Smith and Surani, 2001; Richter and Theurkauf, 2001) . Maternal mRNAs and gene products become spatially distributed in a highly orchestrated fashion in the Xenopus and Drosophila oocyte and egg prior to fertilization (Cooperstock and Lipshitz, 2001; Yaniv and Yisraeli, 2001) . It has been postulated that epigenetic factors and cell polarization of the oocyte and pre-implantation embryo may contribute also to the polarization of the embryo, although they do not determine germ line in mammals (Antczak and Van Blerkom, 1999; Edwards and Beard, 1999; Gardner, 2001) . It is still unknown to what extent the mechanisms and trans-and cisacting factors on mRNAs found in species such as Xenopus and Drosophila are conserved in mammals, and contribute to patterning during embryogenesis. Proteins associated with untranslated regions of mRNA in Xenopus are microtubule binding (Groisman et al., 2000) . Their spatial distribution has not been examined in mammals. As for the initial events in gametogenesis, little is still known on the factors and genes that are responsible for germ cell migration, proliferation and mitotic divisions of oogonia and those that induce meiosis and the stageand gender-speci®c expression of genes in oocytes. The expression of bone morphogenetic protein 4 (Bmp4), an intercellular signalling protein of the transforming growth factor-b (TGFb) superfamily, appears to be essential for germ cell formation, and in a dose-dependent fashion may specify the germ line. Heterozygous Bmp4 +/± embryos of the mouse have thus a 50% reduced founding population of primordial germ cells (Lawson et al., 1999) .
While germ line speci®cation does not appear to be directly initiated by maternal factors, expression of the transcription factor Oct-4 is characteristic for all pluripotent cells, including primordial germ cells in mammals (for references see Anderson et al., 2001) . Marking of primordial germ cells by Oct-4 promoter-driven expression of green¯uorescent protein (GFP) has recently been used in transgenic mouse embryos to follow their migration and their development in the early gonad (Anderson et al., 1999) . This model has revealed the signi®cance of expression of adhesion molecules such as b 1 -integrin for colonization of the gonads by primordial germ cells, and Ecadherin for compaction of germ cells into the genital ridges respectively (Anderson et al., 1999; Bendel-Stenzel et al., 2000) .
Primordial germ cell survival and proliferation depend on expression of leukaemia inhibitory factor (LIF), Steel factor (SF; Kit ligand), interleukin (IL)-4 and TNFa among other factors (reviewed by Anderson et al., 2001) . Several growth and survival factors and their receptors which are expressed in primordial germ cells or oocytes of primordial, primary and growing pre-antral to antral stage follicles and in the somatic tissues of the developing gonads such as neurotrophic factors, growth factors of the TGFb superfamily and TGFa have been identi®ed in somatic/germ cell signalling early in gonadogenesis (Yoshida et al., 1997; Driancourt and Thuel, 1998; Gougeon, 1998; Heikinheimo and Gibbons, 1998; Picton et al., 1998; Aaltonen et al., 1999; Edwards and Beard, 1999; Morita et al., 1999; Gougeon and Busso, 2000; Hsueh et al., 2000; McLaren, 2000; McNatty et al., 2000; Ojeda et al., 2000; Monget and Bondy, 2000; Canipari, 2000; Anderson et al., 2001 ). These will not be discussed and presented here.
Expression in oocytes of the embryonal ovary during early stages of meiosis and at primordial follicle formation Initial stages of meiotic prophase I with replication of DNA, and pairing and recombination between parental homologous chromosomes are the dominant nuclear maturation events in oocytes of the embryonal ovary that provide for high meiotic competence later in the oocyte of the adult female.
Several genes that are essential for normal meiotic progression within the prophase I oocyte in the embryonal ovary have been identi®ed by functional knockout in mice that produce subfertility or sterility in females. In particular, those genes with products necessary for initiating and supporting recombinational exchange between homologous chromosomes or those mediating DNA repair, such as the product of the recombination gene Dmc1 (Pittman et al., 1998) , the DNA mismatch repair genes Mlh1, Msh5 and Msh4 (de Vries et al., 1999; Woods et al., 1999; Kneitz et al., 2000) , and genes encoding kinases in recognition of DNA breaks such as ATM (Xu et al., 1996) , must be expressed in oocytes and appear essential for oocyte survival. Other genes that are involved in pairing processes, such as SCP3 coding for a component of the synaptonemal complex, are probably also expressed in prophase I oocytes. The synaptonemal complex is a conserved structural component of meiotic cells that participates in bringing homologous chromosomes into intimate contact during meiotic prophase I. As in spermatogenesis, untimed or disturbed expression of such genes may result in sterility (Yuan et al., 2000) . Sterility appears mainly related to massive apoptosis of oocytes that have disturbed meiosis in the embryonal ovary. A conserved checkpoint in cell cycle control at pachytene appears to be responsible for the meiotic arrest and the programmed cell death (Roeder and Bailis, 2000) . This checkpoint may be more permissive in oogenesis as compared with spermatogenesis (Woods et al., 1999; for discussion, see Eichenlaub-Ritter (2002) . It is important to note that the timing of expression and consequences of disturbed expression of conserved meiotic genes in meiosis may differ between the male and female germ lines, as mutations in Spo11 (a gene involved in initiation of recombination) cause apoptosis in spermatocytes at early prophase while oocytes of homozygous mutant mice reach the diplotene/dictyate stage in nearly normal numbers, and die only after birth (Baudat et al., 2000) .
Elevated Bax expression appears to be associated with degeneration and apoptosis of prophase I oocytes in the embryonal ovary (Felici et al., 1999) . Atresia of follicles and oocytes induced by deprival of survival factors has been shown to involve expression of caspase 3 protein in granulosa cells. This appears different for the proteins responsible for induction of cell death in meiotically disturbed oocytes (Matikainen et al., 2001) .
Some oocytes survive the early prophase I stages in Mlh1 knockout mice that are de®cient in recombination. Such oocytes are capable of recruiting follicle cells, and undergo normal folliculogenesis and growth. However, they have aberrant spindles when resuming maturation in the adult female (Woods et al., 1999) . This is a good example of how a disturbance in gene expression at an early stage of oogenesis may interfere severely with maturation of the oocyte at a much later time.
There is still little known on those factors that are essential to primordial follicle formation in the embryonal ovary. Targeted gene disruption of a gene coding for a transcription factor, Figa (factor in germline, alpha), a germ-line speci®c, basic helix±loop± helix (bHLH) factor has resulted in sterility in females. Figa was initially implicated in control of expression of the three zona proteins in oocytes of the mouse at a later stage of oogenesis. However, transgenic knockout mice fail to form primordial follicles. Therefore, expression of Figa in oocytes appears to be crucial in initiation of expression of genes that are involved in primordial follicle formation and later in expression of oocytespeci®c genes that are essential for normal ovarian development (Soyal et al., 2000) .
Expression in oocytes and transition of follicles from the primordial to the primary pool and to the growing follicle Mechanisms regulating the initiation of follicular growth from the primordial to the primary pool are still poorly understood (Fortune et al., 2000) . Recruitment of follicles into the growing pool may differ in quantitative and qualitative terms between the fetal and the adult ovary. The reasons for this are also still unknown (Gougeon and Busso, 2000) . The most active phase in gene expression of oogenesis begins when proliferation of follicle cells and oocyte growth are initiated in preparation for ovulation of a mature metaphase II oocyte. Autocrine, paracrine and endocrine factors are essential for normal folliculogenesis and formation of an oocyte with high developmental competence. The relative growth phase of the oocyte versus the increases in size of the follicle and proliferation of follicular cells differs among species. The relative length of the follicular phase also differs between species; for example, fairly short periods are required for the oocyte growth phase in small mammals such as the mouse (about 20 days), and much longer periods in larger mammals such as the human and the cow (in cattle,~6 months; for references, see Gandol® and Gandol®, 2001; Sirard, 2001) .
The initial stages of folliculogenesis require paracrine factors that promote growth of the oocyte and the somatic cells of the follicle (Kol and Adashi, 1995) . Follicular maturation later requires a high degree of coordination between hormonally induced processes in somatic granulosa cells, steroidogenic cells of the follicle and the oocyte. For instance, female knockout mice lacking FSHb are infertile and have a block in development at the pre-antral stage of folliculogenesis (Kumar et al., 1997) , while folliculogenesis and oocyte growth are arrested at the one-layer follicle stage in GDF-9-de®cient mice (Dong et al., 1996; Carabatsos et al., 1998) , and in homozygous sheep expressing a mutant orthologue of GDF-9, bone-morphogenetic protein 15 (BMP-15 or GDF9B) (Galloway et al., 2000) . GDF-9 and BMP-15 protein, members of the TGFb family of growth factors, are thus among the ®rst gene products which must be synthesized timely by the oocyte to regulate essential somatic cell functions during folliculogenesis and oocyte growth (for recent discussion, see Matzuk, 2000; Vitt et al., 2000) . When intercellular coupling between granulosa cells is reduced in the follicles of mice defective in expression of the gap-junctional protein connexin43, oocyte growth in mutant follicles is retarded (although not arrested). Oocytes do not develop to metaphase II or become fertilized (Ackert et al., 2001) . Similarly, reduced expression of connexin43 in bovine follicles reduces maturation rate (Vozzi et al., 2001) .
Expression in oocytes of growing follicles
Folliculogenesis from the primary to the large antral stage comprises several months in the human, during which time the volume of the oocyte increases 100-fold and the oocyte diameter expands from 35 to 120 mm (Gougeon, 1996 (Gougeon, , 1998 Picton et al., 1998) . Oocyte growth and folliculogenesis are characterized by transcription initiation and enhanced nucleolar activity and ribosome synthesis. The nucleolus becomes later inactivated in oocytes in tertiary follicles when oocytes reach meiotic competence . rRNA must be stored in suf®cient quantities in the oocyte for early embryogenesis until nucleolar activity has been restored (Figure 1 ). In cattle, rRNA genes only become reactivated at the 4-cell stage of embryogenesis, and a functional nucleolus is recognized at the 8-cell stage. rRNA synthesis has been most extensively studied in Xenopus oocytes and in the mouse. While rDNA ampli®cation promotes rRNA synthesis in Xenopus, no rDNA ampli®cation has been detected in the mouse. However, expression of RNA polymerase I enhancing protein, basonuclein, was suggested to contribute signi®cantly to the ef®cient increase in rRNA synthesis during maturation in mammals (Tian et al., 2001) . Mouse oocytes rapidly accumulate ribosomes during the initial growth phase. About 95% of the egg's ribosome content is already present after 14 days of growth inside of the follicle when the oocyte has reached only 60± 70% of its ®nal size (Kaplan et al., 1982 ). There appears to be a continuous increase in RNA content accompanied by protein synthesis during this time, reaching peak values of 0.175 pg/h. Doubling of RNA polymerase I and II activity also occurs during this period (Moore and Lintern-Moore, 1978) . Some 60±70% of the RNAs produced in oocytes during this period comprise rRNA. The rate of synthesis of RNA is constant over the ®rst two-thirds of the growth phase, and then increases to 0.015 pg/min in the next 5 days of oocyte growth in the mouse, until it ®nally ceases at 15 days of oocyte growth within the antral pre-ovulatory follicle (Kaplan et al., 1982) . The nucleolus enlarges signi®cantly during the oocyte growth phase. Nuclear proteins ®brillarin, nucleophosmin, nucleolin, RNA polymerase I, and nucleolar upstream binding factor (UBF) are synthesized and become associated with the mammalian oocyte nucleolus during this time. All of these proteins have been shown to remain associated with the nucleolus until GVBD in bovine oocytes. Similarly, UBF remains on chromosomes until GVBD in the mouse oocyte (Zatsepina et al., 2000) . Relocation of maternal nucleolar proteins occurs usually already in the 1-cell zygote on the pronuclei, for instance at 5±10 h post-insemination in the cow .
Meiotic and high developmental competence in mouse oocytes was shown to be accompanied by the formation of a surrounded (SN), transcriptionally repressed nucleolus in germinal vesicle (GV) stage-arrested oocytes before resumption of maturation Bouniol-Baly et al., 1999) . Extended prophase arrest in fully grown transcriptionally inactive oocyte± granulosa cell complexes had no effect on the capacity of oocytes to progress through meiosis, but signi®cantly reduced their competence to complete pre-implantation embryo development (De La Fuente and Eppig, 2001 ). This supports the notion that chromatin con®guration and the ®nely tuned control of expression is crucial for the formation of a high-quality oocyte. Suboptimal culture conditions in vitro may therefore have severe adverse effects on developmental competence of oocytes when chromatin organization and the timed programme of expression in oocytes and the somatic compartment becomes perturbed (De La Fuente and Eppig, 2001) .
For the mouse, it has been estimated that the meiotically competent, fully grown oocyte contains about 200 times the amount of RNA found in a typical somatic cell (Wassarman and Kinloch, 1992) . Overall, in the mouse the RNA content increases by about 300% during the growth phase lasting about 2±3 weeks. Small growing mouse oocytes contain~0.2 ng of RNA, while fully grown ones have~0.6 ng of total RNA (Sternlicht and Schultz, 1981) . During the initial stages of follicular growth, mouse oocytes accumulate~90 pg of poly (A) + RNA. Between 10 and 15% of all RNA comprises heterogeneous RNA [8% of which has a poly(A) + tail; Picton et al., 1998 ], 20±25% is tRNA, and the majority (60±65%) accounts for ribosomal RNA in a fully grown mouse oocyte (Wassarman and Kinloch, 1992) . Human fully grown GV-stage oocytes contain~100 pg poly(A) + mRNA (Neilson et al., 2000) . RNA and protein synthesis are high at the early and middle growth phase, but become reduced during the late growth period of the oocyte. Total RNA synthesis ceases when oocytes resume maturation and undergo GVBD.
Resumption of maturation and activation of maturation promoting factor (MPF), c-mos kinases and MAP kinases driving and controlling the cell cycle, as well as chromosome condensation, GVBD and spindle formation occur in preparation for progression of oocytes through two successive meiotic divisions. This requires reorganization of the cytoskeleton and the timed expression of key regulatory factors driving the developmental programme. While many of the mRNAs for housekeeping genes, for example coding for tubulin and actin, are ef®ciently transcribed and translated in the period prior to resumption of maturation, and are therefore present in suf®cient amounts as proteins, factors inducing developmental transitions must not be translated prematurely and are apparently expressed in a ®nely tuned cell cycle-dependent fashion.
Basic mechanisms of regulation of gene expression at different levels, and post-transcriptional mechanisms that are essential in oocyte growth and developmental competence Especially during the ®nal phase of oogenesis prior to ovulation, mRNAs are differentially recruited, translated, degraded or stored in the oocyte. In the following section some recent models for regulation of expression in oocytes will be presented (for additional reviews, see Richter, 1994, 1997; Ballantyne et al., 1997; de Moor and Richter, 2001; Richter and Therkauf, 2001) . In essence, all the mechanisms regulating expression in somatic cells are also found in oocytes, but certain processes mediating spatiotemporal control of expression appear to be speci®c for oogenesis and early embryogenesis. For cell biological, genetic and molecular analyses, mammals such as the laboratory mouse which are genetically well de®ned, or oocytes from pig and vertebrates such as Xenopus have been mainly used as these species produce large quantities of material for experimental studies. Especially during the past few years, human material has also become available for analysis of the mechanisms governing oocyte maturation in vivo and in vitro, and programmed gene expression at maturation. In-vitro maturation of oocytes and long-term follicle culture may provide a promising model to analyse critical interactions and factors which mediate the timed control of gene expression at the chromosomal, transcriptional, translational or post-translational levels.
The regulation of gene expression can occur at the transcriptional, translational or post-translational level. At stages of oogenesis preceding resumption of maturation, the expression patterns are determined by signalling via growth factors and their receptors, hormones and macromolecules/factors transmitted to the oocyte by its environment, by direct cell±cell contact at the level of the cell surface, or by direct transfer of molecules from follicle cells into the oocyte through gap junctions (Granot and Dekel, 1998; Goodenough et al., 1999) (Figure 1 ). Transcriptional activation via hormonal signalling and expression of transcription factors will not be reviewed here. Furthermore, chromatin structure and organization, and imprinting involving methylation of cytosine residues at GpG islands of promoters of developmen- tally expressed genes is intimately involved in regulating and reprogramming expression (Christians et al., 1999; Lyko and Paro, 1999; Surani, 1999) . The latter is particularly important for development of the embryo after oocyte fertilization (Kono, 1998; Obata et al., 1998; Tada et al., 2000; Ferguson-Smith and Surani, 2001) .
The fate of mRNAs transcribed during oocyte growth can differ considerably. Some mRNAs become immediately translated ( Figure 1 , left panel), others are temporally stored and recruited for translation at de®ned periods of oogenesis or embryogenesis ( Figure 1 , right panel), and still others are degraded at speci®c stages of maturation (lower part of Figure 1 ). For instance, lactate dehydrogenase appears to be translated ef®ciently during oocyte growth since it comprises 1.8% of total protein at this stage of oogenesis in the mouse. Later, its synthesis decreases seven-fold, and 20-fold during maturation and after fertilization respectively (Cascio and Wassarman, 1982) . The zona proteins ZP-1, ZP-2 and ZP-3 are coordinately expressed during mouse oogenesis, and their expression appears to be controlled by a common transcriptional element in growing oocytes (Epifano et al., 1995; Liang et al., 1997) . Transcription of the zona proteins requires expression of Figa transcription factor (Soyal et al., 2000) , and is also controlled by polyadenylation and degradation of mRNAs. At mid-growth phase, the mRNA for zona proteins represent 1.5% of the total poly(A) + RNA, but transcript levels are reduced to a mere 5% of peak values at ovulation and can no longer be detected in the embryo. Similarly, synthesis of the p75 protein localized in cortical granules increases 12-fold while oocytes grow in the mouse (from 20 to 40 mm diameter) and then remains constant, while synthesis is decreased to 35% at resumption of maturation and to only 14% at metaphase II as compared with the fully grown oocyte (Pierce et al., 1992) . These changes are mainly under translational control.
The fate of the mRNA is largely dependent on its association with different types of proteins which regulate the accessibility to initiation factors and ribosomes (Figures 1 and 2A) . In an initial step a mRNA containing a poly(A) tail needs to become associated with cap binding and initiation factors that associate with the 5¢ untranslated end of the mRNA. This appears to be facilitated by interactions with proteins binding the poly(A) tail in the 3¢untranslated end of the mRNA, and also by ring formation (Figures 1 and 2A ). This initial step in translation is rate-limiting and important for translational activation (for a recent review, see de Moor and Richter, 2001) . In a next step, the small ribosomal subunit is recruited to the mRNA, and initiator tRNA binds to the ribosomal subunit requiring additional GTP-bound initiation factors. The small ribosomal subunit then scans the 5¢ UTR of the mRNA until the initiation codon is recognized, followed by binding of the large ribosomal subunit and translation (de Moor and Richter, 2001 ). Many maternal and oocyte mRNAs are stored in the ooplasm in mRNP particles that are not bound to polyribosomes (Figure 1 ). These particles do not support translation, although puri®ed mRNA may be translated in cell extracts in vitro. Therefore storage in particles has been associated with masking of RNA (de Moor and Richter, 2001 ). Storage of mRNA in oocytes was ®rst detected in translational regulation 30 years ago (Spirin, 1966) .
Highly conserved sequences in the 3¢ and 5¢ UTRs of the RNA molecule have been identi®ed which are involved in polyadenylation, the initiation of translation, the masking of RNAs and the predisposition of mRNAs to deadenylation and degradation (Oh et al., 2000) . In case of the mRNAs of zona components, as with many other mRNAs, deadenylation (see below) and degradation seem to occur by default at the resumption of maturation ( Figure  1, lower part) , while other mRNAs become recruited, polyadenylated and their translation can be initiated ef®ciently at this stage of oogenesis. This shows that, apart from transcriptional control of expression, the fate of an mRNA at GVBD depends largely on its conformation, association with proteins and on differential polyadenylation which is tightly regulated (see below).
Apart from polyadenylation and the presence of conserved sequences at the 3¢ and 5¢ UTRs, the nuclear history of a premRNA may also in¯uence translational activity in growing oocytes. It has been observed that transcription of an intron-less mRNA directs this mRNA towards translational silencing, while the presence of an intron at the 5¢ end of the transcript relieved silencing, and one at the 3¢ end further repressed translation in vivo (Matsumoto et al., 1998) . Unlike this example, most alterations in expression patterns at the transition from G 2 -phase to resumption of meiosis in oocytes appear to be dependent on changes in translational initiation associated with differential polyadenylation and release of masking factors ( Figure 1 , right side; see also Figure 2C ) acquired by mRNAs immediately after their synthesis, for example factors associating with the RNA within the nucleus or after its transport and release into the cytoplasm.
Polyadenylated mRNAs and abundance of proteins in oocytes
It was shown several years ago that mRNAs in growing mouse oocytes with a short poly(A) tail (<90 residues) are much more stable than those with longer poly(A) tails (~150 residues) which are for immediate use (Bachvarova, 1992) . Messenger RNAs can be stored in the mouse oocyte for long periods during the growth phase, with half-lives of~28 days (Wassarman et al., 1996) . In fully grown mouse oocytes several mRNAs are especially highly abundant. For instance, 0.3% of the total pool of mRNA is constituted by mRNA coding for c-kit, ZP-3, lactate dehydrogenase and the product of the c-mos proto-oncogene (Roller et al., 1989; Wassarman and Kinloch, 1992) . Abundant mRNAs for typical housekeeping genes with long poly(A) tails which are actively translated during oocyte growth include actin and globin mRNAs, while stored mRNAs with short poly(A) tails which become recruited only after elongation of the poly(A) tail comprise tissue plasminogen activator (tPA) and hypoxanthine phosphoribosyltransferase (HPRT) in the mouse (Bachvarova, 1992; Paynton and Bachvarova, 1994) and mRNA for the spindleassociated protein spindlin (Richter, 1999) . Maturation-dependent polyadenylation associated with translational initiation and expression of enzyme has recently also been detected in human oocytes by RT±PCR of mRNAs coding for anti-oxidant enzymes, glutathione peroxidase (GPX) and Mn-superoxide dismutase (Mn-SOD) using either random primed or poly(T)-based reverse transcription (El Mouatassim et al., 1999b) . Gene products stored as protein rather than RNA in the human oocyte until fertilization comprise hexokinase (HK) and phosphofructokinase (PFK) enzymes. Only low levels of transcription and translation were detected in human oocytes at germinal vesicle or metaphase II stage by RT±PCR techniques, although enzyme activities were high in mature oocytes (El Mouatassim et al., 1999a) .
Translational control of expression by UTRs and other factors
In general, the abundance of mRNA in the vertebrate oocyte resuming maturation appears to exceed by far the capacity of the translational machinery. Apart from degradation of mRNAs it appears therefore mainly to be the ef®ciency of translational initiation which determines whether protein synthesis occurs or mRNAs remain translationally inactive and repressed during oocyte maturation (Figure 1 ). The initiation of translation is a complex multi-step process involving a large number of protein factors and multi-protein complexes, in addition to ribosomes (Gray and Wickens, 1998) . Translation initiation in eukaryotes appears largely cap-dependent, requiring a methylated guanosine residue at the 5¢ UTR of the mRNA (m7GpppN) ( Figure 2A±C ). Cap-independent translational activation can be found for viral RNAs containing conserved sequences in the 5¢ UTR comprising an intrinsic internal ribosome entry site (IRES) (Ehrenfeld and Semler, 1995) (Figure 2B ). The latter comprises about 450 nucleotides. Translation of viral RNA may occur therefore when all cap-dependent protein synthesis is inactivated by the sequestration of the essential initiation factor eIF4E, as is characteristic of virally infected somatic cells.
According to the current model (Figure 2A ), in the capdependent translational initiation, as is typical for eukaryotic cells and in particular for growing and maturing oocytes, the 5¢ cap structure competes for and attracts the eukaryotic initiation factor eIF4F complex (shown in red in Figure 2A ) to recruit it to the mRNA. Initiation factor eIF4F complex (4F in Figure 2A ) is a heterotrimeric complex which contains a cap-binding protein, eIF4E (4E, shown in brown in Figure 2A ), RNA-dependent helicase, eIF4A (4A, shown in black in Figure 2A) , and another protein which serves as adapter and is the largest in the complex, eIF4G (4G, shown in green in Figure 2A ) (Preiss and Hentze, 1999; Keiper and Rhoads, 1999; Morino et al., 2000) . In addition, before the assembly of the 80S ribosome±mRNA complex takes place, a ternary complex is formed at translational initiation with GTP (in black circle), eIF2 (2, solid grey in Figure 2A ) and the initiator Met-tRNA (orange in Figure 2A ) which associates with the 40S ribosomal subunit and several initiation factors, including eIF1,eIF1A and eIF3 (designated 3 in Figure 2A , shown in dotted grey). In the next step, this 43S pre-initiation complex may bind to the eIF4F complex, forming the 48S pre-initiation complex. Initiation of translation is followed by the scanning of the mRNA for the translation-initiating AUG codon (indicated by white arrow in Figure 2A ), GTP hydrolysis, release of initiation factors from the ribosome, and ®nally translational elongation by the 80S ribosome.
It has been shown by a number of studies, predominantly those analysing in-vitro maturing Xenopus oocytes but also those employing somatic cells, that eIF4G (green in Figure 2A ) appears to have substantial translational stimulatory activity. These may be mainly mediated by its adapter function. Its N-terminal domain appears to associate with the poly(A) tail located at the 3¢ end of the mRNA (blue line in Figure 2A ) by binding to poly(A) binding proteins (PABP) (blue triangles in Figure 2A ). This appears essential for initiation of translation and resumption of maturation in Xenopus oocytes (Wakiyama et al., 2000) . In accordance, the presence of a poly(A) tail and PABP contributes and facilitates translational initiation. eIF4G also serves as adapter for eIF4A helicases (4A in Figure  2A ) and may recruit eIF3 (3 in Figure 2A ) to the 40S ribosomal complex with its C-terminal domain. Core subunits of the eIF3 Polyadenylation of c-mos mRNA is not affected. Lower part: CPEB (grey) and CPSF (light green) and other unidenti®ed factors appear to recruit PAP (brown) to the 3¢ end of the mRNA causing polyadenylation and providing a long poly(A) tail for binding of PAP (maroon). Left side: At resumption of maturation maskin and other proteins like CPEB and eIF4E become phosphorylated by activated meiotic kinases (MPF/MAP kinases, Eg2 kinase or other kinases like Mnk1). Maskin is then released from the eIF4E complex. Binding of phosphorylated eIF4E to the methylated cap mRNA at the 5¢ end of the mRNA (grey arrow) concomitantly with recruitment of PABP (black small arrow) to the polyadenylated 3¢ UTR may then contribute to circularization (interactions between PABP and cap-associated proteins indicated by red arrow) and ef®cient translational initiation of mRNAs as the rate-limiting step in translation of distinct meiotic mRNAs. (Modi®ed from De Moor and Richter, 1999.) (D) Mos-dependent and independent polyadenylation at resumption of maturation. In Xenopus, progesterone induces c-mos translation, independent of the presence of c-mos protein or MPF-kinase (Bayaa et al., 2000) . Downstream of synthesis and activation of c-mos kinase, MEK kinase and MAP kinases are induced and MPF becomes activated. C-mos/MAP kinase and to some extent also MPF can induce c-mos-dependent translation of class II mRNAs like cyclin B1 mRNA (right side). In the absence of MAP kinase, microinjection of cyclinB1 protein (upper right part of 1 D) causes MPF activation and also polyadenylation of class II mRNAs in Xenopus oocytes. In mouse and other mammals, resumption of maturation requires the initial activation of pre-MPF (right side) which cannot be induced by c-mos kinase. The phosphatase CDC25C which activates pre-MPF is present in the cytoplasm of meiotically competent porcine and mouse oocytes. However, progression through meiosis to GVBD requires new synthesis of CDC25C which may depend on activation of MPF/MAP kinases (see black arrow on right side). There is a positive feedback of MAP kinase on polyadenylation/expression of c-mos mRNA in Xenopus (black arrow on left side), although initial translation of c-mos is independent of active c-mos and MPF kinase. For further explanation and references see text.
complex in combination with eIF5 may serve as adapters for proteins associated with the heterotrimeric eIF2 complex and the Met-t-RNA (Dever, 1999; Preiss and Hentze, 1999) . In this complex interaction, the factors for translational initiation are brought together.
Only in the past few years has the concept emerged that circularization of mRNA by protein±protein interactions at the 3¢ and 5¢ end of the mRNAs (eIF4F and PABP) appear to act synergistically with the cap structure (symbolized by the small circle at the 5¢ end of the mRNA in Figure 2A ) to promote initiation of translation (Figures 1 and 2A) , and that this circularization is a conserved process in the regulation of eukaryotic gene expression at the translational level. Hence, for circularization to occur, the eIF4F complex and the presence of a poly(A) tail with PABP appear important ( Figure 2A) .
As depicted in Figure 2B , translational regulation in somatic and meiotic cells can accordingly be in¯uenced by a number of factors which are intrinsic to the individual mRNA: (i) modi®cations of the cap structure; (ii) secondary structure of the RNA leader mediating or preventing binding to ribosome or proteins; (iii) RNA±protein interactions and their modulation by post-translational modi®cations of RNA-associated proteins; (iv) the presence of open reading frames upstream of the main coding region or translation±initiation sites, or viral internal ribosomal entry sites (IRES) (Pelletier et al., 1988) ; (v) introns and RNA sequences within the coding mRNA sequence; (vi) RNA±protein interactions in the 3¢UTR, including proteins associated with highly conserved speci®c consensus sequences in the mRNA called cytoplasmic polyadenylation elements (CPEs) or adenylation control element (ACE); and (vii) hexanucleotide consensus sequences recognized by proteins such as cleavage and polyadenylation speci®city factor (CPSF) which in¯uence the accessibility and initiation of polyadenylation by poly(A) polymerase (PAP) (for explanation see below) and associated with the poly (A) tail itself (e.g. PABP) (h in Figure 2B ).
In the following section we will consider primarily those processes which are taking place in oocytes resuming maturation and are important for regulating mRNA recruitment and translational regulation at this stage of oogenesis.
Alterations in polyadenylation at resumption of maturation: translational inactivation of pre-existing mRNAs
The amount of polyadenylated mRNA is reduced by about 40% during the resumption of maturation in Xenopus, and this is mainly due to an extensive deadenylation of mRNAs (Sagata et al., 1980) (Figure 1, lower part) . Similarly, deadenylation of mRNAs in the mouse and the human oocyte is induced. Deadenylation is found predominantly for mRNAs coding for housekeeping gene products such as actin (Bachvarova et al., 1985) , alpha tubulin and many other gene products (e.g. connexin43, heat shock protein 70, oct-4 transcription factor, plakophilin, pyruvate dehydrogenase, and RNA PAP; Brevini- Gandol® et al., 1999) , and is accompanied by translational inactivation, possibly due to the reduction in binding of the PABP and a reduced ef®ciency of initiation of translation (see model above). Overexpression of PABP in the Xenopus oocyte prevents deadenylation and translational silencing during maturation (Wormington et al., 1996) , suggesting that the relative abundance of PABP in¯uences the deadenylation process and that removal of the tail is required or is accompanied by translational repression (see Figure 1) . Loss of the poly(A) tail occurs at GVBD in the mouse (Paynton et al., 1988) and appears to be catalysed in oocytes by a poly(A)-speci®c ribonuclease (PARN, also termed deadenylating nuclease, DAN) (Ko Èrner et al., 1998). Microinjection of RNAs containing long poly(A) tails (100±200 As) into in-vitro maturing oocytes has shown that PARN can also reduce the length of the poly(A) tail of injected, ectopic mRNA without the requirement of a speci®c sequence in the 3¢ UTR to about 20 to 50 adenosines at the 3¢ end of the mRNA. Messenger RNAs with 50±80 poly(A) tails seem to escape the default deadenylation process at resumption of maturation (Paynton et al., 1988) .
PARN belongs to the family of RNaseD of RNA deadenylating nucleases, and both cytoplasmic and nuclear forms have been identi®ed. Injection of antibodies to PARN after GVBD into the cytoplasm of Xenopus oocytes totally blocked mRNA deadenylation at the resumption of maturation (Ko Èrner et al., 1998) . The activity of PARN must be considered when foreign mRNAs containing long poly(A) tracts are introduced into oocytes to study the function of their gene products, since they may be subject to the deadenylation reaction, and therefore may become degraded and remain unexpressed or inef®ciently expressed. As yet, nothing is known regarding the ef®ciency of PARN in human oocytes, but it is feasible that altered rates of activity of this enzyme may cause disturbances in gene expression, for example in aged or growth-compromised oocytes that are incapable of recruiting ribosomes to mRNA coding for essential maturation-promoting gene products. Housekeeping genes may be overexpressed, as in the case of injection of PARN antibody into Xenopus oocytes (Ko Èrner et al., 1998). In fact, disturbances in default deadenylation are characteristic for bovine oocytes with low developmental competence (Brevini- Gandol® et al., 1999) .
Storage and translational inactivation and masking of mRNAs produced prior to resumption of maturation
Most cellular mRNAs coding for housekeeping proteins which are ef®ciently translated during oocyte growth, prior to resumption of maturation, attain a poly(A) tail in the nucleus and, after nuclear export, can associate with ribosomes (for review, see Zhao et al., 1999) . Initiation of translation can take place according to the mechanisms shown in Figure 2A . However, some mRNAs become deadenylated, and several types of mRNAs appear to become masked by proteins associating with the RNA (Figure 1 ), thus preventing their immediate expression (con®guration of mRNA as depicted in the upper part of Figure 2C ). Translational repression may involve masking factors which associate with RNAs already in the nucleus (Sommerville and Ladomery, 1996) . Other masking factors appear to be recruited by mRNAs in the cytoplasm. In Xenopus, several proteins were identi®ed which are involved in the masking of mRNAs. Some of the masking proteins may be phosphorylated at translational initiation. Phosphorylation appears to be important for the masking/ unmasking reactions, since exposure of oocytes to ocadaic acidÐa potent phosphatase inhibitorÐblocks translational activation of these mRNAs at resumption of maturation (Braddock et al., 1994) . In the mouse, similar RNA-binding proteins were also detected (Paynton, 1998) .
Relieving repression from masked, dormant RNAs at resumption of maturation appears to require the presence of an U-rich functional CPE (also termed adenylation control element, ACE; see Figure 2C ) and a hexanucleotide downstream in the 3¢ UTR of the mRNA (AAUAAA, in Figure 2C ) (for references, see Oh et al., 2000) . It has been proposed that CPE binding proteins (CPEBs) interact with masking factors (upper part of Figure 2C ) and cellular proteins in growing oocytes to dissociate eIF4E (yellow circle in Figure 2C ), the cap-binding protein, from the 5¢ end of mRNA, thus rendering the mRNA dormant ( Figure 2C ). Maskin is one protein identi®ed recently in Xenopus oocytes by screening with the yeast two-hybrid system that has such activity (Stebbins-Boaz et al., 1999) . It can bind to eIF4G (upper part of Figure 2C ), but releases the initiation protein after it becomes phosphorylated at resumption of maturation (Stebbins-Boaz et al., 1999) . Once binding becomes reduced during resumption of maturation, after GVBD, the essential initiation factor eIF4E can therefore be recruited again to the previously masked, repressed mRNA and to the eIF4F complex and can be utilized in translational initiation (lower part of Figure 2C ). The phosphorylation state of CPEB itself may represent another level of control. A selective, timely phosphorylation of CPEB by the serine/threonine protein kinase Eg2 is involved in translational activation of c-mos mRNA, downstream from the progesteroneinduced resumption of maturation in Xenopus oocytes and also in maturing mouse oocytes Hodgman et al., 2001 ) (see Figure 2D and left side of Figure 2C ).
Deadenylation of the mRNA appears important for translational repression of some mRNA, for example that encoding tPA in the mouse (Huarte et al., 1992) (Figure 1 , right upper side). This is an example where unmasking of mRNA does not appear to involve new polyadenylation of the tPA mRNA at resumption of maturation. Rather, the presence of a short poly(A) tail and the removal of a 80 kDa protein (a CPEB?) from the CPE/ACE sequence appear essential (Stutz et al., 1998) . Unlike this example, recruitment of most other mRNAs in mammalian oocytes for translational initiation appears to involve polyadenylation (Brevini- Gandol® et al., 1999) .
Alterations in polyadenylation at resumption of maturation: translational activation of pre-existing mRNAs by polyadenylation
The default deadenylation process at GVBD probably sets in as a consequence of the release of nuclear protein(s) at resumption of maturation (Varnum and Wormington, 1990) . In this way, circularization of mRNA of several housekeeping genes as depicted in Figures 1 and 2A is prevented. Deadenylation at this time does not require speci®c sequences within the mRNA.
However, the addition of adenosines to the 3¢ end of the distinct masked, stored and translationally dormant mRNAs within the oocyte cytoplasm is essential for meiotic progression. Unlike deadenylation, polyadenylation is directed by the presence of sequences within the stored mRNAs themselves, in the 3¢ UTR of the respective mRNAs. The two important elements are a U-rich sequence (CPE or ACE) and a hexanucleotide sequence AAUAAA downstream from the CPE ( Figure 2C , lower portion). Several conserved CPEs have been identi®ed which mediate either maturation-dependent, timed expression or rather expression of distinct, stored mRNAs during early embryogenesis. Injection experiments of reporter mRNAs with the hexanucleotide, and a CPE in their 3¢ UTRs in in-vitro maturing Xenopus oocytes resulted in ef®cient cytoplasmic polyadenylation and expression of reporter transcripts (Stebbins-Boaz and Richter, 1994; Oh et al., 2000) . Studies in Xenopus and other species have shown that it is not only the sequence but also the context (and in particular the number and distance between the CPEs and the hexanucleotide) which control the timing and extent of poly-adenylation (Stebbins-Boaz and . Distinct individual CPEs were identi®ed which mediate translational activation during resumption of maturation, or which are speci®c for activation of mRNA translation during early development (embryonic CPEs) (Afouda et al., 1999) . Trans-acting factors associated with CPEs comprise highly conserved cytoplasmic proteins (CPEBs) which appear to form a complex with the nucleotides in the CPE ( Figure 2B and C) , as gel shift experiments and UV-crosslinking have suggested (StebbinsBoaz et al., 1996; Wu et al., 1997) . Interaction of these proteins with CPEs appear also to be essential for the timed polyadenylation and translation of the dormant mRNA after resumption of maturation (see below). Recently, a cytoplasmic protein binding to the hexanucleotide has been identi®ed in Xenopus oocytes which presents an isoform of a nuclear RNA-binding factor involved in nuclear polyadenylation reactions (Dickson et al., 1999) . This was termed cytoplasmic`cleavage and polyadenylation speci®city factor' (CPSF; see Figure 2B and C). It appears that both the CPEB and cytoplasmic CPSF are required and may interact to direct enzymes such as PAP to the 3¢ end of the mRNA and induce polyadenylation (right side and lower portion of Figure 2C ).
Some germ cell-speci®c transcripts such as that of CDC25C of porcine oocytesÐa phosphatase that dephosphorylates and activates the catalytic subunit of maturation-promoting factor (MPF), cdk2, and induces activation of the c-mos mRNA in this speciesÐmay not possess typical U-rich CPEs. However, the presence of a conserved UUUUUAA motif and an A-rich region in the 3¢ UTR may be equally suf®cient and possess similar regulatory functions in masking and recruitment of the mRNAs at resumption of maturation in oocytes of this species (Dai et al., 2000) .
Modi®cation of masking factors and phosphorylation in translational activation
One of the initial steps in polyadenylation and/or initiation of translation appears to be associated with the release of maskin-like proteins from CPEB ( Figure 2C , upper portion) after their phosphorylation by meiotic kinases (c-Mos/MAP kinases Eg2 kinase or MPF; left pathway in Figure 2C ). In consequence, activity of meiotic kinases activated at speci®c stages at resumption of maturation may induce a cascade of events going hand-in-hand with a tightly controlled, timed expression of certain mRNAs. The release of masking factors may then indirectly in¯uence the ef®ciency of translational initiation and protein synthesis. As depicted above, the CPEBs in concert with proteins bound to the hexanucleotide may then recruit PAP in the next step (lower part of Figure 2C ), and initiate in this way polyadenylation and circularization of the mRNA (Figures 1 and 2A) . To conclude, proteins such as CPEB have dual functions and participate in translational repression in growing oocytes by binding to masking factors, and in polyadenylation and translational initiation during resumption of maturation by recruiting PAP and controlling timed polyadenylation (Preiss and Hentze, 1999) . The function may be in¯uenced by their phosphorylation status. Considering the cascade of events initiated by phosphorylation of masking factors or other proteins by meiotic kinases, deregulation of initiation of such kinase activities may therefore fatally contribute to delayed cytoplasmic and nuclear maturation events downstream from GVBD, and in consequence may be responsible for developmental arrest or reduced developmental capacity of oocytes, such as those obtained for IVF.
Expression appears also critically modulated by a transcriptionally inactive state in embryos at early development after fertilization. This correlates with the establishment of a chromatin-mediated repression of transcription. The recently detected oocyte-speci®c H1oo linker histone H1 may constitute a novel chromatin-associated protein that plays an important role in the control of gene expression during oogenesis and early embryogenesis (Tanaka et al., 2001) . Interestingly, the mRNA of the H1 histone contains a CPE, a deadenylation and polyadenylation element suggesting a tight control of translation of the message during oogenesis. Accordingly, in the mouse the message is polyadenylated and present from the GV-stage to metaphase II, throughout the 2-cell up to the 4-cell stage of embryogenesis. Expression of the histone is believed to affect chromatin condensation, access of chromatin to transcription factors, and also the establishment of a repressed state (Tanaka et al., 2001) .
Differential modi®cations affecting stage-and maturation-speci®c expression and timing of recruitment of speci®c mRNAs for translation
Besides stage-speci®c polyadenylation, the enhancement of translational initiation may be achieved in maturing oocytes by modi®cation of the cap-structure (shown as Gm 7 in lettering in Figure 2C ). The cap of certain mRNAs can thus be modi®ed by methylation of riboses (-CH 3 moiety in lower part of Figure 2C ) in the trinucleotide at the 5¢ UTR (Cap1 and 2; Kuge et al., 1998) (Figure 2C ). Methylation may either depend on or be associated with ongoing polyadenylation of certain mRNAs, since ribose methylation parallels recruitment and translational activation (Kuge and Richter, 1995; Kuge et al., 1998) . Hypermethylated cap1 or 2 within the eIF4F complex may ensure that certain molecules become especially and ef®ciently associated with polyribosomes and translated, in particular after polyadenylation and circularization of the mRNA (Figure 2A) .
In addition, cap-binding factor (indicated by the dark green structure in the lower part of Figure 2C ) becomes phosphorylated in Xenopus oocytes at resumption of maturation, probably by the MAP kinase pathway, downstream of activation of the c-mos kinase pathway ( Figure 2C and D) . Phosphorylation of the capbinding factor enhances the af®nity of the protein for the mRNA 5¢ cap, resulting in enhancement of the initiation event (Pyronnet et al., 1999) . The respective kinase can dock at the C-terminal domain of eIF4G (Pyronnet et al., 1999 ) (see yellow circle in lower part of Figure 2C ).
In Xenopus oocytes maturation was not induced by progesterone when eIF4G was enzymatically cleaved (Keiper and Rhoads, 1999) , or mutant eIF4G protein was expressed that is defective in PABP binding (Wakiyama et al., 2000) . Recruitment of stage-dependently expressed mRNAs coding for c-mos, cyclin B1 and other proteins to polyribosomes was blocked under these conditions when eIF4G activity that mediates also the binding to PABP (see green structure in Figure 2A ) was blocked.
Cell cycle-speci®c expression and feedback mechanisms controlling temporal gene expression in maturing oocytes
One of the ®rst mRNA which becomes translationally activated in Xenopus oocytes at resumption of maturation codes for c-mos protein, which is a component of the cytostatic factor, a serinethreonine kinase upstream in the activation pathway inducing MAP kinase activity (left part of Figure 2D ). C-mos message is abundant in fully grown Xenopus and in mouse and human oocytes (Gebauer and Richter, 1997) . In Xenopus oogenesis, cmos protein is synthesized early after progesterone-induced resumption of maturation. The recruitment of c-mos message apparently involves an interaction of progesterone with a membrane-bound and cytoplasmic receptor (Bayaa et al., 2000) , association with phosphatidylinositol 3-kinase (Bagowski et al., 2001) , activation of a serine/threonine protein kinase (termed Eg2) and phosphorylation of a CPEB ( Figure 2C ). This appears essential for polyadenylation of the c-mos message, its translation, and, downstream from this, activation of MAP kinase. c-Mos protein itself is a kinase which phosphorylates and activates other kinases in a cascade inducing MAP kinase activation ( Figure 2D ). In Xenopus, but not in human and mouse oocytes, c-mos kinase can initiate activation of MPF, the major cell cycle-driving kinase in mitotically and meiotically dividing cells (blue arrow in Figure 2D ), and also drives translation of socalled class II mRNAs (e.g. cyclin B1 mRNA; blue arrow in Figure 2D ).
In mammals such as the mouse and the human, MPF activation is independent on de-novo protein synthesis in vitro as well as in vivo. At least in naked oocytes resuming maturation spontaneously, MPF activation precedes MAP kinase activation. MPF activation is a consequence of dephosphorylation of the cyclindependent kinase protein (p34 cdc2 ), the catalytic component of pre-MPF by the CDC25C phosphatase (Choi et al., 1991 ) (see right part of Figure 2D ). CDC25C phosphatase is synthesized prior to resumption of maturation and is present in suf®cient concentrations for activation of pre-MPF in meiotically competent oocytes (Mitra and Schultz, 1996; Dai et al., 2000) . Similar to the mouse, the resumption of maturation in some mammals is therefore initially independent of protein synthesis (Galli and Moor, 1991) . However, new protein synthesis of the phosphatase CDC25C is required in porcine oocytes for progression from initiation of resumption of maturation to GVBD and metaphase I (Dai et al., 2000) . Furthermore, especially in species with a long period between resumption of maturation and GVBD (as in bovine and human), protein synthesis is also required in the initial stages of resumption of maturation. At later stages, when oocytes form a spindle, and during M-phase arrest at metaphase II, synthesis of the regulatory subunit of MPF, cyclin B, appears to be required to retain the meiotic block. Thus, inhibition of expression in mouse and human oocytes causes eventually the formation of a nucleus or micronuclei and a return to an interphase state in the absence of chromosome disjunction (Pal et al., 1994; Soewarto et al., 1995) . At metaphase, there appears to exist an equilibrium between cyclin B degradation and synthesis, and constitutive cyclin B synthesis is necessary to maintain a meiotic block in metaphase II (Kubiak et al., 1993) . This may involve feedback of MPF and/or MAP kinase activation on translational activation via polyadenylation (white arrow in left part of Figure 2D ).
MAP kinases are activated downstream from c-mos synthesis at resumption of maturation in mammalian oocytes, and require new protein synthesis (c-mos protein). The activity of MAP kinases reaches a plateau at metaphase I stage of mouse oogenesis, and remains high until after fertilization (Verlhac et al., 1994) . In effect, oocytes of c-mos ± / ±-knockout mice or mammalian oocytes in which message is ablated by microinjection of double-stranded RNA are predisposed to spontaneous parthenogenetic activation (Araki et al., 1996; Choi et al., 1996; Svoboda et al., 2000) . Other functions of c-mos kinase and MAP kinases appear associated with regulation of spindle morphology and function, ordered chromosome disjunction and polar body formation (Choi et al., 1996) . Microtubule characteristics in maturing oocytes and fertilized eggs follow MAP kinase rather than MPF kinase activity in mammals (Verlhac et al., 1994) . Initiation of translational activation of c-mos mRNA is therefore an essential event in normal oogenesis. c-mos mRNA in mammals possess typical CPEs and highly conserved CPEBs similar to Xenopus oocytes, and which seem to be involved in the release of mRNA from translational repression (Gebauer and Richter, 1996) .
It was shown in Xenopus oocytes that the c-mos pathway regulates the cytoplasmic polyadenylation of other stage-speci®-cally expressed mRNAs (see blue arrow in Figure 1D ), for example those coding for histone B4 and cyclin B1 (class II in Figure 1D ; Ballantyne et al., 1997; De Moor and Richter, 1997; Howard et al., 1999; Barkoff et al., 2000) . The c-mos-dependent translational initiation in Xenopus oocytes of mRNAs like cyclin B1 may require phosphorylation of CPEB, similar to Eg2 phosphorylation in c-mos expression . Furthermore, response elements were identi®ed in the UTRs which mediate a c-mos-dependent polyadenylation (De Moor and Richter, 1997) (blue arrow in Figure 2D ). MAP kinase activation, downstream from c-mos activation was shown to increase polyadenylation of c-mos RNA and accumulation of c-mos protein in an autoregulatory fashion (black arrow in Figure 1D ). Further complexity of these regulatory mechanisms exists. When MPF activity was induced by injection of cyclin B protein into Xenopus oocytes, cytoplasmic polyadenylation of cyclin B1 mRNA occurred independent of c-mos expression and hence, MAP kinase activation (see white arrow on right side of Figure 1D ). Active c-mos kinase is also upstream of phosphorylation and activation of p90 (Rsk) kinase involved in phosphorylation of checkpoint proteins that are activated during metaphase II arrest (Schwab et al., 2001) .
Although this has not been demonstrated explicitly in mammalian oocytes, similar maturation-dependent sequential activation processes are likely to occur (Heikinheimo et al., 1995; Dai et al., 2000) . For instance, microinjection of anti-sense RNA into pig oocytes of CDC25C-speci®c oligonucleotides resulted in a block of maturation prior to GVBD when microinjection occurred at dictyate stage, and in a failure to become fully activated, when oligonucleotide injection ablated mRNA and translation of CDC25C at metaphase I and later on (Dai et al., 2000) . In the mouse, oocyte CPEs mediate translational repression as well as timed polyadenylation of cyclin B1 mRNA during oocyte maturation, and CPEB appears to be phosphorylated at metaphase I (Tay et al., 2000) . Differential and timed phosphorylation of proteins such as CPEB ( Figure 2C ) may therefore mediate the ®ne-tuning of gene expression during the resumption of maturation in many species (Hodgman et al., 2001) . In agreement with this assumption, the initiation of maturation in the mouse involves also the phosphorylation of translation-initiation factors such as eIF4E (Gavin and Schorderet-Slatkine, 1997) , possibly enhancing the af®nity of eIF4E (shown dark green in Figure 2C ) to eIF4G and formation of the eIF4F complex (compare Figure 2A) . CPEB expression in Xenopus was shown to be regulated at the post-transcriptional as well as post-translational level, and 75% of CPEB protein became degraded at GVBD in Xenopus oocytes (Reverte et al., 2001 ). This requires a speci®c domain in the protein, that is possibly regulated by phosphorylation, and ubiquination-induced degradation. At resumption of maturation CPEB populations may be present in two pools: one that is available for ubiquination by the 26S proteasome pathway; and another that is associated with the cytoskeleton and may contribute to targeting of expression to speci®c sites in the oocyte (Groisman et al., 2000) .
In conclusion, the stringently timed post-translational modi®-cations of RNA-binding proteins and their partners appear to Table I . Some matches for gene products identi®ed by SAGE±PCR in germinal vesicle (GV)-stage human oocytes with known sequences of gene products from data banks (for reference and full list, see Neilson et al., 2000) .
Receptors
Membrane Proteins listed from top to bottom are ordered according to the frequency, and accordingly the number of matches and Poly(A) transcripts in oocytes when total RNA was isolated from nine GV-stage oocytes of two individuals and analysed by SAGE±PCR. ADAM = A disintegrin and A metalloprotein (family); ATM = ataxia telangiectasia; BUB = blocked upon benomyl; CDEP = chondrocyte-derived ezrin-like domain containing protein; FGF = ®broblast growth factor; GDF = growth differentiation factor; IL = interleukin; JAK = Janus kinase; MEK = mitogen extracellular signal regulated kinase kinase; PAR = proteinase activated receptor; PCNA = proliferating cell nuclear antigen; TIMP = tissue inhibitors of metalloproteinases; VEGF = vascular endothelial growth factor.
contribute signi®cantly to the timed release from translational repression, the polyadenylation and the ef®cient translational initiation and expression of speci®c mRNAs during resumption of maturation in mammalian oocytes. The sequence of events involving regulated expression are critically dependent on the acquisition of meiotic, maturational and developmental competence of the oocytes, particularly during the growth phase, and in consequence on the quality of the oocyte and the follicle, and on stringently timed activation of kinases. Qualitative and quantitative analysis of gene expression in oocytes from long-term follicle culture and maturation in vivo and in vitro under different conditions may provide information on critical factors and interactions between oocytes and their environment and somatic compartment. It will be important to identify mechanisms in regulation of expression that are essential for development of a high-quality oocyte and oocyte-speci®c proteins responsible for reprogramming sperm chromatin after fertilization and capable of reprogramming somatic cell nuclei to totipotency after nuclear transfer (Wakayama et al., 1998; Rideout et al., 2000) .
Methods to study qualitative and quantitative patterns of gene expression in oocytes maturing in vitro and in vivo
Although oocytes are large cells and possess large quantities of mRNA and protein, studies on qualitative and quantitative patterns of gene expression are hampered by the limited numbers of cells available for biochemical and functional analysis. At the protein level, past studies involved radiolabelling of newly synthesized proteins in maturing oocytes and embryos to reveal stage-speci®c alterations in expression patterns in oocytes of experimental animals (e.g. in the mouse; Schultz et al., 1978) . For the quantitative assessment of pro®les in protein synthesis of human oocytes matured in vivo as compared with culture in vitro, sensitive post-labelling methods are now available such that characteristic differences may be identi®ed (Flaherty and Swann, 1993; Ji et al., 1997; Graf and Friedl, 1999; Anderiesz et al., 1998 Anderiesz et al., , 2000 . Likewise, proteomics may be employed for the characterization of expression in collected oocytes of particular maturation status. Pronounced differences in the protein synthetic patterns have been observed in human oocytes matured in vitro as compared with those developing to metaphase II inside a follicle in vivo (Anderiesz et al., 1998) . One aim of future studies will be to identify those gene products that critically affect oocyte quality and developmental competence, in order to de®ne optimal conditions for in-vitro maturation of human and mammalian oocytes. An example is the in¯uence of recombinant hormones on the quality and expression patterns of in-vitro maturing oocytes (Anderiesz et al., 2000; Brockstedt et al., 2000) . At the mRNA level, differential display techniques have by now been successfully employed to identify individual genes expressed in a stage-speci®c fashion in human primordial germ cells and oocytes, or in pre-implantation embryos Daniels et al., 1998; Goto et al., 1999; Adjaye and Monk, 2000; Holding et al., 2000; Robert et al., 2000) . In combination with in-vitro maturation of oocytes from mammalian species, and in particular from the human, it will therefore become feasible to recognize and characterize the activity of such genes that are intrinsic to a high-quality oocyte, or which are responsible for predisposition to reduced or abnormal development when inappropriately expressed.
An interesting approach to study the control of gene expression at the transcriptional level in single mammalian oocytes with respect to maturation stage and quality in a quantitative fashion involves real-time rapid cycle¯uorescent monitored RT±PCR. Down-regulation of expression of housekeeping genes such as actin at meiotic resumption in single in-vitro maturing mouse oocytes was con®rmed using this method (Steuerwald et al., 1999 (Steuerwald et al., , 2000 . Such approaches may become particularly valuable to identify consistent alterations in gene expression with advanced maternal age or with respect to life style factors, mutations affecting oogenesis or hormonal stimulation protocols, and invitro maturation as compared with in-vivo oogenesis.
Only recently, serial analysis of gene expression (SAGE) in combination with PCR-based ampli®cation of cDNAs has been successfully employed to generate about 50 000 SAGE tags from human oocytes, and to identify matches with known genes and expressed sequence tags available from data banks (Neilson et al., 2000) . Matches included a large number of genes presumably expressed in oocytes. Deduced from sequence analysis, these genes encode for receptors, membrane proteins, cytoskeletal proteins, signalling proteins, kinases and cell cycle-regulating gene products as well as apoptosis-associated proteins and secreted proteins (Table I; for detail, see Neilson et al., 2000) . PCR-based approaches have already provided evidence for differences in transcripts for speci®c gene products such as telomerase catalytic subunit in normal human oocytes and embryos, and which are immature or developmentally compromised (Brenner et al., 1999) . The dynamics of polyadenylation and the presence and length of the poly(A) tract at the 3¢ UTR of mRNA and the interference of masking factors with accessibility to reverse transcription must be considered when quantitative assays are performed after capture and extraction of mRNA with oligo(dT)-attached magnetic beads, or oligo(dT)-primed reverse transcription (Neilson et al., 2000) .
Targeted disruption of genes has been most successful in revealing oocyte-and ovarian-speci®c factors expressed in oocytes or somatic cells that are essential for fertility and production of viable germ cells that support embryogenesis. Targeted disruption of genes in oogenesis using the Cre-lox system has the potential to provide information on germlinespeci®c functions of genes expressed in oocytes and on the signi®cance of maternally inherited gene products in early embryogenesis (Lewandoski et al., 1997; de Vries et al., 2000; Rucker et al., 2000) .
In order to identify those critical oocyte-speci®c transcripts and molecules that are essential for the support of maturation, fertilization and development of a healthy embryo to term, genomic and proteomic approaches have been used in several species. Using this approach, oocyte-and ovary-speci®c genes were shown to be often highly conserved between species. For instance, oocyte and/or stage-speci®cally expressed oocyte and somatic genes were identi®ed in medaka ®sh and cow using subtractive hybridization techniques (Kanamori, 2000; Robert et al., 2000) , in mouse and Caenorhabditis elegans by suppression subtractive hybridization (Hennebold et al., 2000; Hanazawa et al., 2001) , and in rat using DNA array technology (Leo et al., 2001) . Such approaches con®rmed earlier observations that implicate an accumulation of gene products involved in cell cycle control, like cyclin B, in acquisition of meiotic competence (Robert et al., 2000) . Computer searches and comparisons between species from yeast to mammals imply that expressed sequence tags (ESTs) representing more than half of the mammalian homologues are present in mouse cDNA libraries that contain genes controlling the meiosis/mitosis transition. About 50% of these genes possess potential cis-elements for cytoplasmic polyadenylation in their 3¢ UTR, emphasizing the importance of controlled translation in the oocyte, egg and zygote via differential polyadenylation of the message (Hwang et al., 2001) . A set of genes identi®ed by comparative analysis of ESTs from cDNA libraries of different species provides a ®rst step in establishing databases of genes expressed in mouse and human oocytes (Stanton and Green, 2001) . Such approaches may be particularly useful to de®ne optimal conditions for in-vitro maturation and embryo culture when probes derived from competent versus developmentally incompetent and in-vivoversus in-vitro-matured oocytes are included for comparison. In effect, restriction fragment differential display (RFDD) RT±PCR methods using ampli®ed cDNA from bovine oocytes cultured with or without calf serum identi®ed a number of genes that are differentially expressed and thus may be important for oocyte maturation, and high competence to support embryogenesis (Rzucidlo et al., 2001) .
Studies on the function of genes expressed in maturing oocytes
Two approaches producing functional knockouts of genes have recently been successfully employed to assess gene function directly in in-vitro maturing oocytes and the consequences of mutations or disturbed expression of such genes: (i) injection of anti-sense RNAs; and (ii) the introduction of double-stranded RNAs (ds RNA) into oocytes. For example, anti-sense RNA injection has been useful in elucidating the stages of oogenesis where synthesis of the mRNA coding for CDC25 was required for meiotic progression (Dai et al., 2000) . Disturbances in maturation examined after introduction of several ds RNA species resembled the phenotypes observed in oocytes from transgenic, knockout animals of the respective genes. The injection of ds RNA proved to be most effective as a speci®c inhibitor of gene function in oocytes (Wianny and Zernika-Goetz, 2000) .
Introducing mRNAs containing speci®c sequences in the 3¢ and 5¢ UTRs into maturing oocytes has also been used to identify the regions responsible for directing mRNAs for translational initiation and expression (see above). The translation of exogenous mRNA in Xenopus oocytes appears to be generally quite ef®cient, and almost all types of reporter assays have been used to reveal expression and gene function in oocytes or preimplantation embryos (Theodoulou and Miller, 1995) . In most cases, expression of reporter mRNAs was characterized enzymatically, for example by using sensitive enzyme assays involving luciferase or chloramphenicol O-acetyltransferase (CAT) activities (Christians et al., 1999; De Moor and Richter, 1999; Barkoff et al., 2000; Tay et al., 2000) . While sensitivity is high, it may be dif®cult to study expression in real time in a living oocyte in this way, for instance by detection of secreted luciferase by photonimaging (Thompson et al., 1995) . The relative abundance and localization of cytoplasmic proteins cannot be determined in this way. To analyse expression in vivo in living oocytes maturing under controlled conditions, and to study the distribution and function of gene products in a maturing oocyte, mRNAs coding for GFP-fusion proteins have recently been constructed and introduced into in-vitro maturing oocytes of the mouse (Brunet et al., 1998; Wianny et al., 1998) . As yet, few data exist with respect to the stability, expression and detection of the foreign, microinjected mRNAs and their products in mammalian oocytes. The distribution of gene products such as polo-like kinase (Wianny et al., 1998) and beta-tubulin (Brunet et al., 1998) was characterized by sensitive imaging with confocal laser microscopy in ®xed, but not in living, oocytes. In view of the possible complications with expression of message with long poly(A) tails in a maturing oocyte [the initiation of deadenylation and degradation of poly(A) mRNAs may be expected after microinjection into maturing oocytes] and the relative inef®ciency of obtaining capped mRNA in in-vitro transcription protocols, vectors are needed which are either designed to target an mRNA for differential polyadenylation (e.g. possessing a speci®c CPE) or for an ef®cient, cell cycle-independent expression.
Modi®ed vectors to study gene function in in-vitro maturing oocytes using GFP-technologies A GFP-expression vector was modi®ed such that mRNA with a viral IRES could be produced that rendered translational initiation cap-independent (Eichenlaub-Ritter and Peschke, 1999). The vector possesses an S6 promoter for ef®cient in-vitro transcription, and contains a short poly(A) tract in the 3¢ UTR. A poliovirus-derived 5¢ UTR with an IRES sequence from another source (M.Peschke et al., unpublished results) was cloned into the commercial vector with EGFP (enhanced green fluorescent protein) (Clontech, Heidelberg, Germany). [EGFP is a GFP that possesses increased¯uorescence (Tsien, 1998) and has been modi®ed for enhanced mammalian codon usage.] The point of interest was the regulation of a protein, nuclear mitotic apparatus protein (NuMA) in oogenesis (see below). Therefore, DNA coding for a C-terminal domain of a protein, NuMA, was cloned into the vector such that it would be expressed as an EGFP-fusion protein. Using this vector, EGFP-fusion protein was expressed in living oocytes; in this way it was possible to analyse the distribution and regulation of this presumably important gene product in mammalian oocytes and early embryos, usinḡ uorescence microscopy. NuMA is a highly conserved, ubiquitously expressed protein (molecular weight 236 kDa) that is associated with the nucleus and the nuclear matrix in interphase of most somatic cells (Compton et al., 1992; Kempf et al., 1994) , and which is recruited to the spindle during M-phase. NuMA appears to have important functions in spindle formation and anaphase/interphase transition during mitotic divisions (Compton and Cleveland, 1994) . At mitotic M-phase, NuMA associates with microtubules and forms an insoluble matrix at the spindle poles of somatic cells (Dionne et al., 1999) . At telophase, it is recruited by newly forming daughter nuclei. Injection of antibodies recognizing NuMA induced a knockout phenotype in tissue culture cells with arrest at prometaphase or multinucleation at progression to interphase (Kallajoki et al., 1993) . NuMA is a phosphoprotein (Sparks et al., 1995) , and protein phosphorylation by MPF/cdc2 kinase may in¯uence its oligomerization and function (Compton and Luo, 1995; Saredi et al., 1997) . NuMA is found in a complex with the microtubule motor proteins dynein and dynactin. Complex formation is required for focusing of microtubules at spindle poles (Merdes et al., 1996) . NuMA has a tripartite structure; it possesses globular N-and C-terminal domains and a central alpha-helical domain interrupted by short proline sequences. While the C-terminal domain appears essential for microtubule binding and spindle association at M-phase, the central domain may form coiled-coil structures (Harborth et al., 1999) . The Cterminus provides sequences for protein±protein interactions and formation of a nuclear scaffold, and also contains a nuclear localization signal (Tang et al., 1994; Harborth et al., 1999) as well as several potential consensus sequences for cdc2 kinase phosphorylation (Compton and Luo, 1995) . Functional domains of NuMA which associate with spindle poles in complexes containing dynein and dynactin at M-phase have also been mapped to the C-terminus (Gueth-Hallonet et al., 1996; Merdes et al., 1996) . Besides consensus sequences for phosphorylation by MPF/cdc2 kinase, NuMA also possesses potential MAP kinase phosphorylation sites. It was of interest to note whether NuMA has similar activities in cell cycle progression in maturing oocytes as in somatic cells, and associates with the anastral spindle and multiple microtubule-organizing centres at spindle poles in maturing oocytes. Furthermore, the aim was to gain insights into the regulation of function by cell cycle-dependent phosphorylation and the behaviour of NuMA after fertilization, since there is evidence that expression of NuMA may contribute to a unique cell cycle checkpoint in early embryogenesis in mammalian oocytes (Hewitson et al., 1999) .
When GV-stage oocytes were microinjected with mRNA coding for EGFP alone,¯uorescence was observed already at 1±2 h after injection using the vector with an IRES and a short poly(A) tail ( Figure 3A) . Only those oocytes injected with mRNA containing an IRES expressed EGFP protein. In contrast, oocytes injected with mRNA without a short poly(A) tail or without IRES were not positive for EGFP¯uorescence. The EGFP protein and uorescence was distributed randomly throughout the oocyte cytoplasm before resumption of maturation when the oocyte contained an intact germinal vesicle ( Figure 3A) , as well as after germinal vesicle breakdown when oocytes progressed to metaphase II. It can therefore be assumed that the foreign protein does not interfere with cellular activities, cell cycle progression or polar body formation, as those oocytes expressing enhanced EGFP emitted a polar body and progressed normally to meiosis II.
Similarly, when mRNA coding for EGFP fused to the Cterminal, globular domain of NuMA was microinjected, oocytes matured to metaphase II stage and underwent cytokinesis ( Figure  3D ). In oocytes expressing fusion protein coding for EGFP plus the C-terminal domain of NuMA, protein¯uorescence accumulated inside the GV ( Figure 3B ), similar to the images obtained in ®xed oocytes processed for immuno¯uorescence with an antiNuMA antibody (Eichenlaub-Ritter and Peschke, 1999) . From this it was concluded that the C-terminal domain of NuMA containing the nuclear localization signal was suf®cient to direct the fusion protein into the nucleus. Although some fusion protein appeared to be associated with the nuclear matrix, the most intense¯uorescence was found in those areas of the nucleus occupied by condensing chromatin (Figure 3) . Analysis of serial optical sections of the distribution of EGFP/NuMA using confocal microscopy in microinjected, ®xed oocytes revealed that the protein was associated predominantly with chromatin and not with the nuclear matrix, as is characteristic for somatic cells (M.Peschke et al., unpublished results). The nucleolus was free of staining.
In microinjected oocytes with GVBD there was a gradual increase in¯uorescence in association with spindle ®bres, and at the¯at spindle poles of the prometaphase I spindle ( Figure 3C ). Thus, in meiotic oocytes, the C-terminal globular domain of the expressed NuMA protein behaved in similar manner to the intact NuMA molecule in mitotically dividing somatic cells. Microinjection of mRNA coding for the EGFP-NuMA fusion product therefore presents an attractive method by which to study the dynamics of spindle formation in living, in-vitro maturing oocytes. To summarize, this expression study showed that the modi®ed vector and mRNA containing an IRES in the 3¢ UTR and a short poly(A) tail at the 5¢ UTR conferred ef®cient translational initiation and expression of the mRNA in mammalian oocytes. Moreover, it was con®rmed that expression of the C-terminal part of NuMA was suf®cient to target the fusion protein to the spindle poles, presumably by dynein-mediated transport along microtubules towards their minus ends at the spindle poles of the barrelshaped anastral meiotic spindle apparatus ( Figure 3D ).
Using the microinjection method with mRNA coding for the GFP-NuMA fusion it could be shown that uptake of NuMA fusion protein into the male and female pronucleus of in-vitro-fertilized mouse oocytes paralleled the inactivation of MAP kinase rather than the rapid inactivation of cyclin-dependent kinase (MPF) at anaphase II. This suggested that there was a link between MAP kinase-mediated protein phosphorylation/dephosphorylation reactions and NuMA distribution and activity (data not shown).
This approach shows that functional analysis of the regulation of protein function may be performed in in-vitro maturing mammalian oocytes. Possible disturbances in maturation pattern and regulation may thus be revealed with respect to an assessment of oocyte quality and culture conditions, cell±cell signalling and environmental disturbances. Since mRNAs will eventually be degraded in the developing embryo, the method also presents a new approach to provide oocytes or embryos with factors that might contribute to high developmental potential and that are usually provided maternally for early embryonic development before full zygotic gene activation has occurred. In future, this may become an interesting alternative to microinjection of cytoplasm or mitochondria into mammalian and human oocytes or eggs to improve oocyte quality. To introduce unde®ned, potentially inheritable factors into the embryo may effect epigenetically controlled events in the regulation of gene expression in the embryo. The present approach avoids this by introducing only mRNAs of known sequence that may become expressed ef®ciently during a limited time of oogenesis/early embryogenesis.
